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 Abstract: In this work, mechanical and optical characterization of a new type of suspended core 
fiber (SCF) has been performed. The proposed SCF along with additional central air holes exhibits 
an unusual property of fundamental mode cutoff at short wavelengths. Two variants (single hole 
and double hole) of design under two different fiber platforms (SiO2 and As2Se3) have been 
considered to develop better insight into the mechanical and optical properties of the structure 
deploying plane strain and full vector eigen analysis, respectively. Dependence of thermal stress 
likely to be present in such nanostructured fibers on fiber materials and geometries are thoroughly 
studied. A relation between the cutoff condition and geometrical parameters of the design has been 
obtained with reference to characteristic decay length which nullifies the possibility of any 
numerical artifact. In addition, improvement of fiber birefringence and evanescence sensing 
capability due to the presence of such air holes in the guided region has been theoretically 
demonstrated. Effects of such air holes on fiber properties like GVD and mode mismatch are also 
studied with a relation to power confinement inside such nano scale regions.  
Index Terms: Field enhancement, Modal analysis, Mode mismatch, Nanohole, Stress analysis, 
Suspended Core fiber.  
1.  Introduction 
 Suspended core fibers (SCF) have drawn the attraction of the researchers very recently due to its 
unique potential of maintaining significantly higher light confinement in sub-wavelength guided region 
compared to numerous variants of complex shaped photonic crystal fibers (PCFs) proposed so far. High 
numerical aperture and small mode field diameter along with low confinement loss of SCFs have made 
these structures a promising solution for realizing all-fiber nonlinear devices [1]. However, light 
confinement in nanoscale core waveguide is fundamentally limited by diffraction which spreads light 
from the guided region, and therefore, increases the waveguide losses significantly. At the same time, it 
has been demonstrated recently that, optical energy can be trapped within a sub-wavelength air hole 
inside the core of a PCF resulting remarkably lower attenuation [2]. Besides, enhancement of light 
intensity within a nano sized air hole extruded through a high index  nanowire has been reported very 
recently in [3]. Although, fabrication of such nanoholes within the core is still emerging, engineering 
merits of such region on fiber group velocity dispersion have already been numerically studied 
extensively in [4], [5].                                                                                                    
In this work, we have qualitatively investigated the effects of incorporating such nanohole inside the 
core of an As2Se3 SCF on its mechanical and optical properties.  Significant field enhancement being 
governed by the ratio of εSiO2/ εAir≈ 2 in a hexagonal PCF with a minimum nanohole diameter of 110 nm 
has been experimentally confirmed in [6]. In this work, we have dealt with two different geometries, 
one with a single nanohole (Single Hole SCF (SH-SCF)) and the other with two nanoholes (Double 
Hole SCF (DH-SCF)) on two completely different fiber material platforms (Chalcogenide and Silica) 
for reasoning the underlying physics with sufficient comparisons over a broad range of operating 
wavelengths (0.6 µm -2.5 µm). In fact, such concept of introducing air hole region within the core has 
been greatly actuated by the recent successes to confine light in the low index region of different 
variants of single and multiple slot waveguides [7]-[9]. In this work, we are proposing such idea for 
SCF as a promising route to control modes of propagation, tune birefringence and improve evanescence 
sensing capability of SCF.   
   In section 2, the design technique of the proposed structure has been explained with all necessary 
geometrical parameters. Possible fabrication methods to realize the proposed structure have also been 
studied to justify the theoretical investigation. In section 3, the methods of analysis for stress calculation 
and optical characterization have been discussed in brief. Finally, in section 4, we have performed a 
detailed analysis of the simulation results.  
2.  Design of the structure 
 
   In Fig. 1(a) and 1(b), the two proposed fiber structures have been shown. The maximum effective 
core diameter of our structure has been set to 1.35 µm unless otherwise specified. The effective core 
diameter can be defined as the maximum diameter of the circle that can fit within the structured core 
region. Structure with minimum core diameter of  920 nm in silica background has been reported to be 
fabricated already [6]. The design in Fig. 1(b) can be considered analogous to a multiple slot waveguide 
where the parameter dsep has been set to 400 nm at a certain tapered condition. The two designs differ 
from each other in term of circular symmetry of the core region. One crucial challenge for the design is 
to develop a mathematical model for forming the deformed air holes surrounding the core region. In 
previous works, 3 or 4 large air holes have been proposed for SCF where a Y-shaped fundamental mode 
profile is maintained. However, to ensure circular fundamental mode profile for reducing the mode 
mismatch effect, we have considered 8 deformed air holes surrounding the core [10]. In this design, 
each hole is formed by the combination of a circular hole and a second degree Bézier curve [11]. 
Different geometrical condition for the core can be obtained by manipulating the control points of 
Bézier curve [26]. A quadratic Bézier curve is the path traced by the function B(t) as given by,                                  
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where the given points are P0, P1, and P2 as shown in Fig. 1(c) . The curve departs from P0 in the 
direction of P1, then bends to arrive at P2 in the direction from P1. In other words, the tangents at P0 and 
P2 both pass through P1. In Fig. 1(d), we have shown the geometrical formation of each air hole. The 
Bézier curves P1Q2P3 and and P1Q2
'
P3 have been shown in Fig. 1(d) with control points P2 and P2
'
. These 
two curves denote two different suspended conditions of the core. Here, we have defined the suspension 
factor (SF) of the core as OP2/OC. In Fig. 1(d), C is the center of the geometry, and O is the center of 
the circular hole. In this proposed design, allowable SF is spanning from 0.8 to 1.7. The Air holes 
become completely circular for SF=0.8. Maximum allowable SF is limited by the struts width (w) in 
between two air holes. which  can also be treated as fabrication parameter. Here SF controls the 
effective core diameter of the SCF as well. With the increase of SF of the core diameter decreases and 
vice-versa. We have observed the effects of varying SF from 1.3 to 1.7 in this work.     
   Various fabrication techniques including extrusion, stacking, drilling, casting are adopted for 
suspended core fiber fabrication [1], [12]-[14]. However, presence of central air hole may pose 
difficulties to realize proposed fiber structures. By customizing the complex preform extrusion 
technique as reported in [15], the proposed structure may be fabricated with less air hole collapse ratio. 
Lower melting point of As2Se3 should also provide advantage over Silica if this technique is adopted. 
However, maintenance of thin and long strut is a challenging issue that needs to be addressed while 
fabricating a SCF with nanoscale core size. Successful implementation of strut width of several tens of 
nanometers has been reported in [16]. In this theoretical analysis, minimum strut width (w) considered 
                     
 
Fig.1. (a) Single Hole SCF (SH-SCF) (b) Double Hole SCF (DH-SCF). The dotted circle illustrates the effective core size. dbore is 
the centre hole diameter for both the designs. dsep is the centre hole separation in DH-SCF.  w is the strut width of the SCFs. (c) 
Quadratic Bézier curve (d) Formation of air holes with Bézier curves. 
 
is around 45 nm. Besides, successful fabrication of air hole of 20 nm diameter within an As2S3 
nanowire has also been confirmed in [3] very recently. Hence, it can be expected that, the proposed 
structure may be realized by utilizing the latest fiber fabrication technologies.      
3.  Method of analysis 
  The 2D Finite Element Method (FEM) has been employed to perform the numerical analysis 
considering triangular elements with adaptive meshing throughout the work [17]. 
    3.1 Plane strain analysis 
  The stresses resulting from thermal expansion and/or external forces in any structure can be calculated 
according to the following equation [23],  
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Here, σ is the stress tensor, εx, εy are the normal strain components and γxy is the shear strain component. 
D is the elasticity matrix describing an isotropic material using Young’s modulus E and Poisson’s ratio 
ν. α is the thermal expansion coefficient, F is the force, T is the tapering temperature, and Tref is the 
room temperature (25
o
C). Longitudinal strain component is neglected in our analysis. After calculating 
the stress components, we have studied the Von Mises stress σv, a quantity to estimate the yield criteria, 
a measure of the threshold for structural failure. In case of plane stress, it can be defined as [23], 
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Here, x and y are the normal stress components. We have considered two different fiber 
materials, As2Se3  and SiO2 for understanding the effects of fiber materials on structural properties. 
Such comparative analysis will a lay a ground to trade-off between mechanical strength of fiber and 
limitations of fabrication. In table I, mechanical and stress optical parameters for both the materials are 
listed for a comparison [18].   The material parameters are assumed to be constant at the room 
temperature.                         
                                                                    TABLE I 
                                           STRESS OPTICAL DATA FOR As2Se3 and SiO2  
 
    3.2 Optical Mode analysis 
A full vector FEM has been adopted to obtain the modal characteristics of the SCFs. The effective 
index is obtained from the eigen value equation corresponding to the Helmholtz equation written in the 
form, 
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In this work, fundamental HE11 mode has been considered unless otherwise specified. Respective 
Sellmeier coefficients have been incorporated at different wavelengths during the analysis [19]. 
Besides, to obtain the overlap integral for estimating mode mismatch loss ignoring any fresnel 
reflection at the interface of the fiber and air, we have employed the following equation [20],   
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Here, E1 and E2 are the complex electric fields of a Gaussian optical beam and waveguide fundamental 
mode, respectively, and the integration is to be taken over the whole cross section. The beam profile has 
been defined considering an x-polarized TE excitation as,   
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where a is the Gaussian modal radius of the beam and Ex is the incoming modal amplitude. The 
calculated mode mismatch loss is an estimation of input coupling efficiency here. Finally, to evaluate 
the sensitivity of the fiber, we have considered the following sensitivity equation [28],  
                                                       % 100, (7)
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where Psample is the total power confined in the sample material and Ptotal is that in the whole cross section 
and nr and ne  are the refractive indices of the sample material and the effective index of the 
corresponding mode, respectively. During such analysis, full vector nature of propagating fields has not 
been considered assuming that the Ez component of the guided mode will not affect the qualitative 
conclusions reached. 
4.  Results and discussion 
 
      4.1 Thermal stress  
  In Fig. 2(a) and 2(b), Von Mises stress distributions for both the structures have been shown. We have 
considered two practical outer clad diameters (10 µm and 20 µm) for including the effect of cladding 
layer thickness  on  mechanical properties of  such  nanoscale  core  fiber [21].  One can observe that, 
the suspended holes are subject to higher stress than any other region due to small strut width of the 
structures and high thermal expansion coefficient mismatch between air and fiber materials. Effects of 
including air holes within the core are illustrated in Fig. 2(a) and Fig. 2(b). Variation of peak Von Mises 
stress, which is a function of fiber material properties and drawing temperature, along  the  x  axis  can  
be  attributed to large thermal expansion coefficient mismatch between As2Se3 and silica. However, 
effects of such mismatch have been greatly compensated by the large contrast between the drawing 
temperatures for the two chosen materials. In Fig.3 (a), we have shown the variation of the magnitude 
of maximum stress generated in the structures with suspension factor under different conditions. 
Thermal stress increases with the increase in SF as the deformed air   holes are  arranged                                          
 
Fig. 2. Effect of nanoholes on Von Mises stress in (a) SH-SCF (b) DH-SCF, for two different materials at dbore =100 nm, dsep =400 
nm and outer clad diameter of 10 µm at SF=1.7, Inset: Von Mises stress distribution in the respective structures. 
more compactly while the average stut width is reduced. It is to be noted here that, mode confinement 
in both types of SCF can be greatly enhanced by increasing SF. Also, the maximum stress in DH-SCF 
structure is slightly larger than in SH-SCF structure over the range of SF considered here. This is due to 
the presence of two holes in DH-SCF which arise additional stress components. In our study, outer clad 
diameter and central hole ellipticity (e=0.5) do not have significant impacts on the maximum stress 
generated. Although the fabrication of small core SCF has been reported already, we have numerically 
compared the consequences of fiber materials and fiber structure on fiber mechanical strength for the  
(a) 
(a) 
(a) 
 
 
Fig. 3. (a) Effect of suspension factor (SF) on maximum Von Mises Stress for two different outer clad diameters. e is the 
parameter controlling ellipticity of the air hole. e=1 for purely circular hole. (b) Average single hole stress for an outer clad 
diameter of 10 µm and SF=1.7, dbore=100 nm. 
 
first time [22]. In addition, the proposed central hole regions which are useful to control the mode 
confinement, evanescence sensing and birefringence have been found to be under high thermal stress as 
shown in Fig. 3(b). Average hole stress calculated by integrating Von Mises stress present at the 
interface of air hole and fiber material decreases with the increase in suspension factor in both types of 
structures as shown in Fig. 3(b). The distance between a centre hole and the cladding air holes decreases 
with suspension factor which eventually reduces the magnitude of stress generated at the interface of a 
centre hole and the core region. It is to be noted also in Fig. 3(a) and 3(b) that, maximum stress is 
generated at the strut regions for any value of SF. However, variation of thermal expansion mismatch 
between the air and fiber material has been found to affect the average hole stress significantly. In our 
study, central holes are more prone to thermal stress when the fiber material is As2Se3 which requires 
significantly lower tapering temperature.  
    4.2 Properties of fundamental mode cutoff (FMC) 
  The HE11 mode profiles as shown in Fig. 4(a), (b), (c) confirm that, guided mode can be obtained in 
such structures with non-gaussian distribution. Here, the field enhancement at the interface of central air 
holes and fiber material is governed by the ratio εfiber/εAir . For As2Se3, this ratio can be as high as 9. To 
confirm the additional enhancement provided by the suspended air holes in the surrounding, we have 
investigated the field patterns when the nano hole of the same size is inside an As2Se3 nanowire (blue 
line in Fig. 4(d)). The peak electric field can be enhanced by about 95% by placing air hole in the core 
of the SCF instead of placing it inside an As2Se3 wire. Such impact of suspended holes will not change 
 
Fig. 4. HE11 mode profile in (a) SH-SCF (b) DH-SCF, x-polarization (c) DH-SCF, y-polarization at SF=1.7. The operating 
wavelength is 1.55 µm. Trapping of light is clearly visible for the SH-SCF structure. Here dbore=100 nm and dsep is 400 nm (d)  
Comparative improvement of field enhancement inside the nanoholes for the proposed structures at SF=1.7. 
much when the fiber material is silica instead of As2Se3. Hence, in this section, we have limited our 
study to As2Se3 only. Although the peak intensity of electric field in DH structure is equal to that in SH 
structure, it decays inside the holes of DH-SCF at a faster rate. However, such trapping of light inside 
the DH structure can be improved by optimizing the bore diameters carefully. In fact, the fundamental 
propagation mode of the proposed structures is highly sensitive to bore diameter and the operating 
wavelength as described in the following subsections.     
    4.2.1 Wavelength dependence  
 
In Fig. 5(a), the mode effective area versus wavelength has been shown as a function of SFs in SH and 
DH- structures. The corresponding hole power fractions are also illustrated in Fig. 5(b). We have found 
that, for a fixed value of SF, dbore and dsep, there exists a lower cutoff wavelength at which the 
fundamental mode disappears. We have investigated such unusual condition at different SFs and 
different bore diameters to confirm that, this is not due to any simulation artifact. A definite relation of 
cutoff condition with suspension factor and bore diameter has been explored observing the simulation 
results. However, a rigorous modeling of such phenomenon is beyond the scope of this work. Such 
fundamental mode cutoff condition (FMC) has been reported before in [25] where a silica core PCF 
having GeO2 doped cladding has been proposed. The large effective area PCF  has  been  designed  by                             
(b) 
exploiting the effect of increasing cladding index (ncl/ nFSM) beyond the core index precisely. On the 
contrary, the proposed designs of this work have significantly smaller effective areas suitable for low 
power nonlinear applications. It is important to be mention here that, presence of air holes at the core 
region effectively lessens the core index of the suspended core fiber. At the cutoff condition, we have 
observed a sharp transition of effective area and effective index which is an indication of mode 
disappearance.  Effective area method has been taken into account to characterize upper cutoff 
wavelength already in [24]. In addition, the power confined inside the central holes/bores falls to zero 
drastically beyond the cutoff wavelength which basically implies absence of any fundamental guided 
mode in the structures. Confinement loss of several orders of magnitudes can be monitored at such 
condition by utilizing a properly designed perfectly matched layer. It has been found that lower cutoff 
wavelength in DH structure is larger than that in SH for a particular SF. Again, increasing the SF will 
tend to shift the cutoff wavelength towards higher value for a particular structure. In SH-SCF, cutoff 
wavelength is 900 nm and 1300 nm for SF=1.65 and SF=1.7, respectively. In Fig. 5(b), it can be seen 
that, hole power fraction increases with the increase in wavelength and at cutoff, it decreases to zero 
drastically. Besides, with the increase in SF, the power fraction in both the structures also increases. 
Furthermore, two distinct FMC wavelengths exist for the birefringent DH-structure at a certain SF. In  
 
Fig. 5. (a) Effect of suspension factors and structures on lower cutoff wavelength. Here dbore =100 nm. The sharp transition of 
effective area denotes the fundamental mode cutoff condition in the proposed structures. Inset: Absence of guided mode below 
the cutoff wavelength. (b) variation of effective hole power fraction at HE11 mode. 
(a) 
sum cut-off condition  shifts to longer wavelength as the distance between the central hole and 
deformed air hole decreases in both the structures.  Such phenomenon of exhibiting a lower cutoff has 
not been observed for the proposed SCF having no holes in the core region [26]. This effect may be 
studied further by exploiting the principles governing the operation of slot waveguide. In a slot guide, 
slot dimension should be effectively less than the decay length of evanescent field for obtaining a 
guided mode in the slot region. In our design, the suspended air holes and the central holes are jointly 
forming multiple slot like regions where field enhancement occurs due to large index contrast. We have 
found that, by changing SF or dbore at a particular dsep, the cutoff condition can be tuned which 
essentially implies the existence of certain characteristic decay length here. It can be concluded here 
that, both the fundamental core mode and power fraction inside the bores disappear simultaneously and 
so substantiates the role of such air holes on achieving fundamental mode cutoff condition in suspended 
core fibers.  
   4.2.2 Effects of nanoholes   
The proposed geometries exhibit high degree of sensitivity to bore diameter at certain SF too. There  
exists a certain fundamental mode cutoff diameter at a particular wavelength when SF is increased 
beyond a certain limit. In Fig. 6, variation of power fraction inside the nanoholes are shown at 1.55 µm. 
The rapid fall of hole power fraction indicates the existence of cutoff diameter. This is again confirmed 
by the sharp transition of effective area as shown in Fig.7. At this condition, the effective index 
becomes nearly constant and the structures possess no guided mode. However, the cutoff diameter in 
DH-SCF structure is significantly smaller than that in SH-SCF structure.  Besides, the polarization 
dependence of cutoff diameter for the birefringent DH-SCF structure is shown in Fig. 6(b). It should be 
noted that, at a certain value of SF there exists a certain bore diameter in DH-SCF structure, for which it 
behaves like a single polarization device allowing only one mode of polarization to exist. In summary, 
at larger SF, cutoff diameter shifts to smaller value in both the structures. This is due to the fact that, at 
larger SF the distance between central air holes and suspended air holes gets much smaller than the 
characteristic decay length.  
 
 
Fig. 6. Shifting of Fundamental mode cutoff bore diameter for different suspension factors at an operating wavelength of 1.55 µm 
in (a) SH-SCF (b) DH-SCF (Dotted and solid lines for two orthogonal polarizations of the fundamental mode.) Maximum core 
diameter is 1.35 µm at SF=1.3. 
4.3 Properties of sensing 
The SCFs has been adopted extensively as highly sensitive evanescent biosensor. It has been reported 
that, more than 80% of modal power can exist inside the deformed holes filled with water for a core 
diameter of 200 nm [27]. Here, we have investigated the sensitivity coefficient defined in [28] for the 
proposed geometries considering water as the sample material (nr=1.33). Results are shown in Fig. 8(a) 
 
Fig. 7. Variation of effective area with suspension factor at a wavelength of 1.55 µm in (a) SH-SCF (b) DH-SCF. 
 
 
(a) 
and in Fig. 8(b).  Here , we have only considered As2Se3 to study the sensing property. It  is  to  be  
noted  that, no significant improvement of %r  as defined by equation 7 has been observed in DH-
structure over SH-structure in our analysis. However, %r in hole assisted SCF has been found to be 
larger than that in normal SCF based sensor for certain values of SF. It has been found that, power 
confined in the sample media increases due to the presence of hole since the rate of leakage from the 
core increases in this case. The modal effective index decreases as the light interacts more with air 
during propagation and the sensitivity coefficient improves eventually. Again, with the increase in hole 
diameter %r  increases as shown in Fig. 8(b) due to the reduction of effective index and enhancement of 
power leakage from the core region. The flat portion of the curve indicates unguided mode in the SCF 
sensor in presence of water in the deformed holes. Besides, the sensitivity coefficient improves with the 
increase in SF as the interaction between the core field and sample material becomes stronger. Thus, it 
can be mentioned that, the proposed SFs and the air hole region within the core may be treated as tuning 
parameters for SCF based sensor devices.  However, comparison of such sensitivity parameter of the 
proposed structure having guided region of comparatively larger dimension with other platforms 
including slot waveguides, nanowires and small core micro-structured fibers is beyond this work.  
 
 
Fig. 8. (a) Sensitivity variation with wavelength. Black line corresponds to SCF with no air hole. The discontinuity in red line 
corresponds to FMC at SF=1.7 in DH structure. Inset: %r variation in SH-SCF and SCF structure. (b) Variation of %r with dbore in 
SH-structure. Flat region corresponds to FMC condition.    
    4.4 Group Velocity Dispersion, Mode mismatch and Birefringence  
 
In Fig. 9(a), group velocity dispersion (GVD) profiles for As2Se3 background have been shown. The 
dispersion profiles in SH-SCF and DH-SCF structure are almost identical here. It is to be noted that, 
although the  confinement of light in core is around 90%, the maximum confinement in hole is about 5-
6% for both the structures. Hence, the GVD curves look similar for both the cases. Here, the first zero 
dispersion wavelength shifts towards the lower wavelengths with the increment in SF. Two zero 
dispersion wavelengths can also be achieved in the same structures if the core diameter is reduced 
significantly [26]. The % overlap shown in Fig. 9(b) shows that, the proposed structures have low 
coupling efficiency at a particular wavelength for conventional SMF coupling. It improves as the 
confinement reduces i.e mode field radius increases through the reduction of SF or by considering  a 
fiber material of lower index. Coupling efficiency can be improved by introducing high performance 
grating or inverted fiber coupler [29]. Later, phase birefringence (Bp) of the proposed geometries 
ignoring any photo induced or thermally induced anisotropy of As2Se3 has been investigated. Refined 
meshing has been performed to avoid any artifact induced birefringence. It has been found that, the SH 
structure has almost zero birefringence. However, birefringence can be increased significantly by 
distorting the circular shape of the centre hole as shown in Fig. 9(c). Here, ellipticity has been 
introduced by shrinking the x-axis of the central hole. Such ellipticity has been found to affect the FMC 
condition at a particular SF too. However, DH structure is inherently birefringent as shown in Fig. 9(d). 
Suspension factor can influence Bp in DH structure also. Highly birefringent evanescent sensors have 
been proposed in [30], [31] very recently. 
 
5.  Conclusion 
In this work, a novel design of single mode suspended core fiber possessing short wavelength 
fundamental cutoff property has been proposed. Such waveguide structure is ideally useful for 
designing optical long pass filters suitable for different applications. Plane strain analysis of the 
proposed structures has numerically compared the limitations imposed by thermal stress likely to be 
generated during the fabrication on different platforms. The cutoff property has been thoroughly 
investigated and a definite relation between the geometrical parameters and cutoff wavelength has been 
explored.  In addition, improvement of fiber birefringence and evanescence sensing efficiency has been 
numerically demonstrated due to the presence of such air holes inside the SCF. In sum, such theoretical 
investigation will lay a solid ground for future study of mechanical and optical properties sub  
                                                                                                                                                                                         
Fig.9 (a) GVD in SH structure at dbore=100 nm. Inset: GVD in DH structure for two fundamental mode polarizations. (b) 
%overlap integral in As2Se3 and SiO2- SH structure (c) Variation of birefringence in As2Se3 SH structure at dbore=100 nm  for 
elliptical central hole (d) Birefringence in As2Se3 DH structure at wavelengths greater than the FMC wavelength.  
 
wavelength core suspended core fiber in presence of additional nano scale air regions which have 
potential engineering merits in wide range of applications.  
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